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Light Evokes Ca21 Spikes
in the Axon Terminal of a Retinal Bipolar Cell
interneurons. Light-evoked responses originate in their
dendritic tips in the outer plexiform layer and are thought
to propagate passively to the synaptic terminal, where
Dario A. Protti,*²§ Nicolas Flores-Herr,²
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transmitter release takes place. Thus, their output inAm Fassberg
response to a synaptic input presumably depends criti-D-37077 GoÈ ttingen
cally upon their passive electrotonic properties. Several²Max-Planck Institute for Brain Research
types of bipolar cells have been classified in the verte-Deutschordenstrasse 46
brate retina according to their morphology and to theD-60528 Frankfurt am Main
presynaptic elements they contact (Mills and Massey,Germany
1992; Euler et al., 1996; Sterling, 1998). In mammals,³The Vollum Institute
bipolar cells receive input from either rods or cones andOregon Health Sciences University
are thus termed rod or cone bipolars, while in cold-Portland, Oregon 97201
blooded vertebrates, some bipolars connect to both
rods and cones and are thus named mixed bipolar (Mb)
cells (Ishida et al., 1980). In the goldfish retina, for exam-Summary
ple, the Mb1 cells (Sherry and Yazulla, 1993) contact
some cones but receive most of their input from rodsBipolar cells in the vertebrate retina have been charac-
and are thus part of the high-sensitivity, single photon±terized as nonspiking interneurons. Using patch-clamp
detecting pathway of the retina (Yang and Wu, 1997).recordings from goldfish retinal slices, we find, how-
In dark-adapted retinae of the turtle (Schwartz, 1974),ever, that the morphologically well-defined Mb1 bipo-
carp (Mb1-type cells; Saito et al., 1979), dogfish (Ash-lar cell is capable of generating spikes. Surprisingly,
more and Falk, 1980), and rabbit (Dacheux and Raviola,in dark-adapted retina, spikes were reliably evoked by
1986), a class of ON bipolar cell responds to moderatelylight flashes and had a long (1±2 s) refractory period.
low- and high-intensity light flashes with a fixed ampli-In light-adapted retina, most Mb1 cells did not spike.
tude depolarizing potential. Interestingly, acutely disso-However, an L-type Ca21 channel agonist could induce
ciated goldfish Mb cells have been shown recently toperiodic spiking in these cells. Spikes were deter-
spontaneously display fixed amplitude Ca21 action po-mined to be Ca21 action potentials triggered at the
tentials (Zenisek and Matthews, 1998) and, in anotheraxon terminal and were abolished by 2-amino-4-phos-
report, aperiodic oscillations in membrane potential andphonobutyric acid (APB), an agonist that mimics gluta-
bistable membrane potential ªflip-flopsº (Burrone andmate. Signaling via spikes in a specific class of bipolar
Lagnado, 1997). These regenerative membrane poten-cells may serve to accelerate and amplify small photo-
tial changes displayed a variable, nonstereotyped wave-receptor signals, thereby securing the synaptic trans-
form that coincided with changes in intracellular calciummission of dim and rapidly changing visual input.
concentration [Ca21]i. It is not known, however, whether
Mb1 cells connected to the other neurons of the retinal
network are still able to generate Ca21 action potentials,Introduction
and whether they can do so in response to physiological
stimulation. Such a capability may have important con-Retinal bipolar cells transfer the light signal between
sequences for the temporal processing of informationphotoreceptors in the outer retina to the ganglion cells
in the retina (Masland, 1996; Sterling, 1998).
in the inner retina. Although different sets of ganglion
We have thus investigated electrophysiologically the
cells respond distinctly to different features of visual
light responses of Mb1 cells in dark-adapted retinal
stimulation (e.g., light onset or offset), all vertebrate rod slices and the spatial distribution of Ca21 channels by
and cone photoreceptors respond in the same general means of imaging techniques. In darkness, we find that
manner to a central spot illumination, namely, by hyper- Mb1 cells respond to a flash of light with an all-or-none
polarization. The mechanisms that drive different gan- Ca21 spike with stereotyped waveform. Although these
glion cell responses are poorly understood, however, Ca21 action potentials were triggered by changes in glu-
partly because bipolar cell in situ excitability and light tamatergic synaptic input at the dendrites, they were
responses have not been fully characterized. specifically generated at the large axon terminal, where
Bipolar cells have been classified into two major Ca21 channels are located (Heidelberger and Matthews,
groups: ON bipolar cells, which depolarize at the onset 1992; Tachibana et al., 1993). Our results suggest that
of the light stimulus, and OFF bipolar cells, which hyper- Mb1 cells can transfer information in an all-or-none man-
polarize upon stimulation (Werblin and Dowling, 1969; ner under certain dark-adapted conditions and thus be-
Kaneko, 1970). Since these cells do not generally ex- long to a special class of bipolar cell in terms of both
press voltage-gated Na1 channels and often respond their morphology and excitability. Ionic channels located
to stimulation with graded and sustained membrane in the axon terminal may thus play an active, and per-
potential changes, they are classified as nonspiking haps dominant, role in shaping the light responses of
some bipolar cells. Furthermore, spiking frequency was
limited by a long refractory period, which sets bound-§ To whom correspondence should be addressed (e-mail: protti@
mpih-frankfurt.mpg.de). aries on the ability of these cells to transmit flickering
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Figure 1. Mb1 Bipolar Cell in a Vertical Slice
of Goldfish Retina
(A) In this micrograph, the focus is on the cell
body of the Mb1 cell (Nomarsky and epifluo-
rescence illumination superimposed). OG-1
(100 mM) was loaded via the patch pipette.
Lines at the left edge of the picture delineate
the approximate limits of the different retinal
cell layers. Abbreviations: OPL, outer plexi-
form layer; INL, inner nuclear layer; IPL, inner
plexiform layer; and GCL, ganglion cell layer.
The synaptic terminal is not visible due to its
deep position within the slice.
(B) Reconstruction of the same Mb1 cell from
three fluorescence images taken at different
focal planes.
light flashes. This signaling mechanism may serve to and we found that 7 of them were responsive to light
amplify small photoreceptor signals (Zenisek and Mat- stimulation with spike-like depolarizations.
thews, 1998) and to enable their quick and reliable trans- Figure 2A shows a recording of an Mb1 cell that was
mission to amacrine and ganglion cells. completely silent in the dark for 1 min, except for small
amplitude fluctuations (Figure 2A, inset). Upon light
Results stimulation, a spike-like depolarization followed by a
pronounced afterhyperpolarization (AHP) was observed.
Morphological Characterization These spikes occurred at both the resting potential
Whole-cell patch-clamp recordings were performed in (z242 mV) and at 260 mV. We thus often hyperpolarized
goldfish retinal slices. Cell morphology was identified cells to 260 mV to avoid their tonic loading with Ca21
via either Lucifer yellow or Ca21 indicator dye fluores- (Kobayashi and Tachibana, 1995). In 6 of the 7 cells with
cence. We systematically tried to record from Mb1-type light-evoked responses, spontaneous spikes were also
bipolar cells, whose somas were located in the outer observed at a low frequency (0.05 6 0.02 Hz), which
part of the inner nuclear layer (INL). Mb1 cells are mor- may have been caused by stray light from imperfect
phologically characterized by having short and stout dark conditions. The remaining cell was completely si-
dendrites, a large flask-shaped cell body, a thick axon, lent over a period of 1 min. Another cell, which displayed
and a single bulbous axon terminal (z10 mm in diameter). spontaneous spikes, did not respond to light stimula-
Figure 1A shows an example of the layered morphology tion, suggesting that either the photoreceptors or the
of a goldfish retina. Superimposed on the transmitted synaptic contacts between the photoreceptors and the
light image, the bright fluorescence of an Mb1 cell soma bipolar cell in question were not functional. Thus, a total
was located in the INL. The morphological reconstruc- of 8 cells out of 16 were capable of light-evoked or
tion (three focal planes) of the fluorescent image of the spontaneous spiking. The remaining 8 Mb1 cells were
same bipolar cell is shown in Figure 1B. The large synap- not only silent in the darkness but were also unrespon-
tic terminal usually contained telodendrial appendages
sive to light stimulation. However, after perfusion with
and was localized to the proximal inner plexiform layer
the L-type Ca21 channel agonist BayK 8644 (10 mM;(IPL). The morphology is thus consistent with that of an
Nowycky et al., 1985), all 8 of these cells switched to aMb1 bipolar cell (Sherry and Yazulla, 1993).
spontaneous spiking mode, firing at a mean frequency
of 0.2 6 0.06 Hz. In this state of activity, 2 of theseSpiking Patterns in Dark- and Light-
8 cells responded to light stimulation with spike-likeAdapted Conditions
waveforms that had larger amplitudes and wider half-Using whole-cell current-clamp measurements, we set
widths than did those in control conditions (see Figureout to first investigate the light-evoked responses of
6A). These 2 cells may have had their synaptic contactsMb1 cells under dark-adapted conditions. Cells were
with photoreceptors partially damaged during the slicingdialyzed with a KGluconate internal solution, unless oth-
procedure, and it was thus necessary to augment theerwise indicated. Resting potential was 242 6 6 mV for
responses with BayK 8644 in order to trigger a spike.4 cells in which injected current was z0 pA, and whole-
In another set of experiments, spontaneous activitycell capacitance averaged 12.9 6 1.1 pF (n 5 14 cells).
was recorded from 13 Mb1 cells under light-adaptedThe input resistance, calculated with a 10 mV voltage-
conditions. Steady-state current injection kept the cellsclamp prepulse (see Tessier-Lavigne et al., 1988), of
at a resting potential of 260 mV. Spontaneous spikesdark-adapted cells was 444 6 94 MV (range: 176±1840
with variable amplitude were observed in only 2 of theseMV, n 5 18) and of light-adapted cells was 249 6 23
13 cells (Figure 2B). In the remaining 11 cells, followingMV (range: 115±384 MV, n 5 13). The activity from 16
Mb1 cells was recorded in dark-adapted conditions, break-in, the ubiquitous presence of small amplitude
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fluctuations (3±4 mV; Figure 2C, upper panel) in mem-
brane potential was a hallmark of Mb1 cell activity under
light-adapted conditions. In 6 of the remaining 11 cells,
upon perfusion with BayK 8644 (10 mM), these cells
switched from small amplitude fluctuations to an all-or-
none, full-blown, periodic spiking mode, which ap-
peared at a remarkably constant frequency of 0.43 6
0.2 Hz (n 5 6 cells; Figure 2C, lower panel). The remaining
5 silent cells showed no response to BayK 8644 (10 mM).
One of these 5 cells had no synaptic terminal (presum-
ably cut during slicing), and this cell also had no observ-
able voltage-gated inward currents.
The small amplitude and long duration of the spikes
suggest that they are distinct from Na1 action potentials.
Indeed, Mb cells lack voltage-gated Na1 channels (Ka-
neko and Tachibana, 1985), and spontaneous spikes
were resistant to tetrodotoxin (400 nM, n 5 2 cells) but
were abolished by perfusion with the L-type Ca21 chan-
nel blocker nifedipine (10 mM, n 5 2 cells). Spontaneous
spikes also disappeared in a medium containing low
external Ca21 (0.5 mM Ca21 and 3 mM Mg21, n 5 2 cells)
and were restored upon replacing the medium with the
normal [Ca21]o solution.
Responses evoked by light flashes had an amplitude
ranging from 11.2 to 27 mV (mean amplitude: 18.9 6 1.9
mV, 72 light-evoked spikes from 7 dark-adapted cells).
Their AHP amplitude averaged 28.3 6 0.4 mV and usu-
ally lasted between 0.5 and 1 s, and their spike width
at half-amplitude averaged 41 6 3.1 ms. In these 7 cells,
light-evoked spikes consisted of all-or-none events,
with a very low probability of failure at high flash intensi-
ties. Spike failure was defined as an absence of change
in membrane potential in a time window longer than 1
Figure 2. Membrane Potential Recordings from Mb1 Cells s following the light stimulus onset.
(A) Light responses of an Mb1 cell. The first minute illustrates the Increments in light intensity above a certain threshold
steady-state ªdarkº membrane potential of an Mb1 cell that was elicited all-or-none responses of similar amplitude but
silent in darkness (left). Under these conditions, oscillations of z1 diminishing latency (Figure 3A). A low±light intensity (1
mV in the membrane potential were observed (inset; expanded volt-
IU), 200 ms flash did not generate a response of anyage- and timescales). Light flashes (right, white spaces in the closed
kind (five stimuli). Increasing the light intensity to onlybar; duration: 200 ms; 1000 IU) elicited depolarizing spikes (mean
3 IU elicited an all-or-none depolarization with an AHPamplitude: 16.6 mV, n 5 13 responses). The repolarizing phase was
followed by a strong AHP component (26.2 mV). In the first three z7 mV. Further augmentation of the intensity to 10 IU
stimuli, a spontaneously occurring second spike can be seen z1±2 evoked a response of similar amplitude but shorter la-
s later. In the remaining ten stimuli, single spikes were evoked. tency. A 1000 IU flash again elicited a spike of similar
Traces are shown as a function of real time (the spaces between amplitude, but with even shorter latency (Saito and Kuji-
each light response are due to interruption in signal acquisition).
raoka, 1982). In addition, when stimulating with the high-Throughout the recording, a steady-state injected current (293 pA)
est light intensity in the same cell, a 20 ms light stimulusheld the cell at 260 mV.
generated spikes similar in shape and amplitude to(B) Representative membrane potential oscillations recorded from
an Mb1 cell in light-adapted conditions. Spontaneous occurring those elicited by 600 ms flashes, which appeared with
fluctuations of varying amplitude (15.3 mV, n 5 34) appeared at a shorter latency (Figure 3B). The longer flash, however,
regular intervals. Steady-state current injection: 2130 pA. elicited only a single spike.
(C) The L-type Ca21 channel agonist BayK 8644 turns the small Distinct minimal light intensities were required to
amplitude, high-frequency oscillations commonly observed under
evoke all-or-none responses in different cells (Yang andlight-adapted conditions into lower-frequency, regularly occurring
Wu, 1997). Since bipolar cells receive converging inputsspikes of fixed amplitude.
from numerous photoreceptors, this difference may de-(Upper Panel) Membrane potential oscillations observed in a light-
adapted Mb1 cell. High-frequency oscillations of a maximal ampli- pend upon both the retinal area from which the slices
tude of 5 mV are observed, appearing at irregular intervals. Steady- were taken as well as the intactness of the tissue prepa-
state current injection: 278 pA. ration. Figure 3C illustrates a cell in which a 20 ms 10
(Inset) Spontaneous membrane fluctuations displayed on an ex- IU flash produced only a small, delayed depolarization
panded time- and voltage scale.
that did not trigger an all-or-none response (see Saito(Lower Panel) Recordings from the same cell 5 min after perfusion
and Kujiraoka, 1983), whereas increasing the flash dura-with BayK 8644 (10 mM). Steady-state current injection: 268 pA.
tion to 200 ms elicited a full spike (Figure 3C, bold andStereotyped spikes appeared at highly regular intervals (mean am-
plitude: 32.2 mV, n 5 51, occurring unabated for 126 s). thin continuous lines, respectively). A similar spike-like
response was also obtained following stimulation with
a 20 ms flash of 50 IU (Figure 3C, dashed line).
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Figure 3. Properties of Light-Evoked Re-
sponses of Mb1 Cells
(A) Light responses elicited by flashes of dif-
fering intensity. Stimulation with the lowest
light intensity (1 IU) for 200 ms produced no
change in membrane potential (thick line, n 5
5). A small increase to 3 IU showed spike-
like responses to stimulation (average of 11
responses, 0 failures; dashed line). An inter-
mediate light intensity of 10 IU evoked re-
sponses of the same amplitude but shorter
latency than those elicited by 3 IU (average
of 11 responses, 0 failures; dotted line). Stim-
ulation with higher-intensity levels (1000 IU)
still resulted in an identical all-or-none re-
sponse, which appeared with an even shorter
latency (average of 13 responses, 0 failures;
thin continuous line). Steady-state current in-
jection: 293 pA.
(B) Light-evoked responses elicited by a 20
or 600 ms flash of identical intensity (10 IU)
consisted of stereotyped spikes. The shorter
stimuli elicited a response of 18.8 mV ampli-
tude, with a latency of 123 ms (n 5 8, 1 failure).
The longer stimuli produced an average re-
sponse of 18.6 mV, with a latency of 119 ms
(n 5 9, 0 failures). Note that the long-duration
pulse elicited only one spike. Membrane po-
tential was held at the approximate initial
resting potential of this cell type (247 mV).
Steady-state current injection: 253 pA.
(C) Short flashes of high intensity and longer flashes of low intensity were both capable of eliciting spikes. In this particular cell, low-intensity
stimulation equates to a 10 IU flash, with higher-intensity stimulation equating to a 50 IU flash. A 20 ms flash of high intensity evoked spikes
of 14.9 mV (n 5 14, 2 failures), whereas a 200 ms, low-intensity flash evoked spikes of 15.2 mV (n 5 15, 1 failure). Note that the trace
corresponding to a 20 ms, low-intensity flash exhibits a partial depolarization and an AHP (average of 9 stimuli). Steady-state current injection:
239 pA.
(D) Spikes are followed by a prolonged refractory period. Traces in which spontaneously occurring spikes precede the light stimulus at
decreasing time intervals are displayed from top to bottom. Steady-state current injection: 249 pA. Light flashes were given 4 s after starting
data acquisition. Light stimuli evoke full responses (first three traces) when spontaneous spikes appear up to 2 s before the flash. Flashes
that are preceded by 1±2 s by a spike evoke responses of an intermediate amplitude (fourth, fifth and sixth traces). When the spontaneous
spikes occurred in the second before the flash, no response was seen (last two traces).
The observation, with a few exceptions (e.g., Figure indicated time (Figure 4A, flash bar). These individual
responses show the degree of variability in the spike2A), that a single spike is generated in response to a long
light stimulus suggests that the spikes have a prolonged latency. The average latency from light stimulus onset
to peak of the spike was 140 6 23 ms (mean 6 SD, n 5refractory period. We examined this further by looking
at light-evoked responses that were preceded by spon- 8 cells, 200 ms flash of 1000 IU). The degree of variability
in spike waveform was quantified by calculating thetaneous spikes (probably triggered by stray light) at dif-
ferent times. Figure 3D shows that there is indeed a average response (after individual responses were
aligned to their peak) and the standard deviation (SD)relative and an absolute refractory period. Full spikes
could be evoked by light stimulation either when cells from the average as a function of time (Figure 4A, inset).
The SD was ,1 mV, except during the repolarizing phasewere silent or when spontaneous spikes occurred up
to z2 s before a flash (upper three traces). When a of the spike, which displayed a maximum SD of about
4 mV (Figure 4A, inset, red trace). The Ca21 spikes thusspontaneous spike occurred between 1 and 2 s before
a light flash, it could only evoke a spike of intermediate displayed remarkably stereotyped waveforms and a rel-
atively small amount of jitter in timing. The average tim-amplitude (Figure 3D, fourth, fifth, and sixth traces). Fur-
thermore, a spontaneous spike that preceded the flash ing of the spikes is important since it depends on light
intensity (Figure 3A). Furthermore, the reproducibility ofby ,1 s obliterated any light-generated response (Figure
3D, lowest two traces). Thus, these Ca21 spikes display the spike waveform is also important because the
amount of transmitter release from the bipolar cell termi-a refractory period that is much longer than that of con-
ventional Na1 action potentials. This refractory period nal will depend on the spike waveform.
of 1±2 s was observed in 2 cells with stable recordings
lasting .30 min. Under all circumstances, spikes exhib- APB and Nifedipine Abolish Light-Evoked Spikes
In the vertebrate retina, darkness depolarizes photo-ited an absolute refractory period .1 s.
Another remarkable feature of the light-evoked spikes receptors, and the consequent increase in glutamate
release leads to a hyperpolarization of ON bipolarwas the high reproducibility of their waveforms during
different trials. This is exemplified in Figure 4A, in which cells. Likewise, 2-amino-4-phosphonobutyric acid (APB),
a selective agonist for the metabotropic glutamatenine individual responses from the same cell are super-
imposed. A 200 ms flash of 1000 IU was given at the receptor subtype 6, hyperpolarizes ON bipolar cells
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suppression of the guanosine 39:59-cyclic monophos-
phate± (cGMP-) gated inward current, which was not
completely abolished by the levels of transmitter present
in the dark (Nawy and Jahr, 1991). The blocking effect
of APB was reversible after prolonged washout (Figure
4B, right trace). We also tested the effect of APB on the
spontaneous spiking of 2 light-adapted Mb1 cells, and
APB (100 mM) also blocked the occurrence of spikes in
these 2 cells (data not shown). The APB thus mimics
the dark-adapted condition when glutamate is tonically
present in the synaptic cleft.
Bath application of the L-type Ca21 channel antago-
nist nifedipine (10 mM) similarly abolished the light-
evoked spikes (n 5 2; data not shown). Since photore-
ceptor terminals also express L-type Ca21 channels,
nifedipine will reduce glutamate release from photore-
ceptors (Witkovsky et al., 1997) and thus would tend to
tonically depolarize bipolar cells (i.e., nifedipine mimics
light). Nevertheless, spikes did not occur. Interestingly,
small, light-evoked depolarizations were still present in
nifedipine (data not shown; also see Rieke and Schwartz,
1994), suggesting that, to some extent, transmission
from photoreceptors to Mb1 cells was still viable but
that the spike-generating mechanism at the bipolar cell
terminal had been blocked.
Figure 4. Individual Light-Evoked Spikes and Block by APB
Mb Cells without an Axon Terminal:(A) Individual light responses (n 5 9) evoked by 200 ms, 1000 IU
Graded Light Responsesflashes. The inset shows the average light response (right axis;
Light responses were also observed in 2 dark-adaptedamplitude: 24 6 2 mV, mean 6 SD) after the individual light re-
sponses were aligned so that their peaks coincided in time. The SD Mb cells that had no synaptic terminal (presumably am-
(left axis) of this average response is shown in red. The SD increased putated during the slicing procedure). Figure 5 shows
above 1 mV only during the repolarization phase of the action poten- recordings from 1 such cell done in the perforated patch-
tial, indicating that the spike waveform was highly reproducible. clamp mode using gramicidin, an antibiotic that createsHowever, individual spikes clearly had some jitter in their timing.
pores impermeable to Cl2 ions (Kyrozis and Reichling,The average latency (from onset of light stimulus to spike peak) was
1995) and thus keeps the cell's low endogenous [Cl2]i136 6 12 ms (mean 6 SD).
(B) (Left trace) Average response to nine light flashes, with each concentration (Tachibana and Kaneko, 1987; Grant and
depolarization evoked by a 200 ms, 1000 IU flash. Dowling, 1996) and intracellular messenger cascades
(Middle trace) Perfusion of APB (100 mM) abolished the light-evoked intact. In contrast to the Ca21 spikes, the responses
spikes and also induced a negative shift in resting potential (average have a graded increase in amplitude concomitant withof 16 responses).
the increase in intensity units (IU) from 1 IU (no response)(Right trace) Average response to nine light stimuli following 17 min
to 1000 IU (10 mV amplitude response) and are saturatedof washout. The amount of injected current was the same in control
and under APB (i.e., 2105 pA) but was decreased to 283 pA upon at 500±1000 IU (Figure 5). The maximum amplitude of
removal of APB in order to keep the potential at a similar level to the responses (10 mV) was about half the average ampli-
that of the control situation. tude of the light-evoked spikes (19 mV). The responses
displayed a very similar decrease in latency with an
increase in IU, similar to that shown in Figure 3A, and
by suppressing a steady inward current (Shiells et al., a refractory period of 1±2 s, similar to that shown in
1981; Slaughter and Miller, 1981; Nawy and Jahr, 1990; Figure 3D. This suggests that the refractory period is
Shiells and Falk, 1990; Yamashita and Wassle, 1991; not due to the long AHP but is a property of the retinal
Grant and Dowling, 1996), and also by activating a K1 circuitry prior to the axon terminal. The time-to-peak
conductance (Karschin and WaÈ ssle, 1990; Hirano and amplitude also got faster with increasing IU. Neverthe-
MacLeish, 1991). APB thus prevents light-induced de- less, the time to peak for the response to 1000 IU (z140
polarizations in the ON bipolar cells of several species ms) was not as fast as that observed for Ca21 spikes
(Shiells et al., 1981; Nawy and Copenhagen, 1987; Nawy (z40 ms; Figure 4A), indicating that the active conduc-
and Jahr, 1991). We therefore investigated the effects tances of the axon terminal accelerated considerably
of APB on the light-evoked spikes of Mb1 cells. In all 4 (z4-fold) the onset phase of the light response. Interest-
cells tested, APB blocked the generation of the light- ingly, the responses were transient and decayed even
induced spikes. Figure 4B shows a control light re- while the 400 ms light pulse was on and thus contrasted
sponse (Figure 4B, left trace) that was abolished upon with the sustained responses from non-Mb ON bipolar
bath application of APB (100 mM; Figure 4B, middle cells (Saito and Kujiraoka, 1982). In stark contrast to the
trace). As reported in earlier studies (Shiells et al., 1981; light-evoked spikes, which had a prominent AHP, the
Nawy and Copenhagen, 1987), APB also induced a neg- responses for IU .500 displayed a depolarized plateau
ative shift in membrane potential (n 5 4 cells). The mech- of about 3±4 mV that decayed very slowly (between 3
and 3.5 s to recover completely back to baseline). These
Neuron
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as the main cation in the intracellular solution, spikes
occasionally displayed a dramatic plateau-like peak (see
Fain et al., 1980; Figure 6B). These spikes had a larger
amplitude, half-width, and occurred at a lower fre-
quency. This lower frequency may have been caused
by the Ca21-dependent inactivation of the Ca21 current,
which takes several seconds to recover from inactiva-
tion (von Gersdorff and Matthews, 1996), as well as by
a block of the Ih current by Cs1 (Kaneko and Tachibana,
1985).
Finally, the ability of Mb1 cells to generate spikes
through activation of their intrinsic membrane conduc-
tances was investigated by directly injecting depolariz-
ing current pulses. Figure 6C shows that under current-
clamp conditions, injection of small, step-like currentFigure 5. Graded Light Responses from an Mb Cell with No Axon
pulses evoked graded depolarizations with a timeTerminal
course that followed the charge and discharge of thePerforated patch recordings (using gramicidin) from an Mb cell lack-
parallel resistance-capacitance-equivalent circuit of theing an axon terminal. Individual light responses (n 5 7) evoked in
the same cell by 400 ms flashes (open bar) at the indicated intensities cell membrane. Larger current steps above a certain
are displayed. Steady-state current injection: 275 pA. The response threshold, however, suddenly induced depolarizations
amplitude increases in a graded manner with increasing light intensi- that triggered nonlinear responses characteristic of ex-
ties and saturates only at 500±1000 IU, while the response latency
citable cells that are capable of generating spikes. Simi-decreases with increasing intensity. A slowly decaying plateau de-
lar nonlinear responses were observed in 5 cells.polarization is observed for responses up to .500 IU, and the large
AHP of the Ca21 spikes is absent.
Ca21 Influx in Mb1 Cells Is Located
at the Axon Terminal
results suggest that spikes are triggered at the axon When recorded with a Cs1/TEA-based pipette solution,
terminal, where the major Ca21 and K1 conductances re- acutely dissociated Mb1 cells possess slowly inactivat-
side, after a certain threshold depolarization is reached ing L-type Ca21 currents with peak amplitudes of 150±
at the dendrites. Furthermore, this shows that the Mb 300 pA (Heidelberger and Matthews, 1992). Accordingly,
cell soma light response is graded and does not saturate in whole-cell recordings using a Cs1/TEA-based internal
in the range of 1±500 IU. This indicates that the fixed solution, we observed Ca21 currents in Mb1 cells in
amplitude spike response observed in intact cells (e.g., retinal slices with mean peak amplitudes of 2188.5 6
Figure 3A) was due to the activation of regenerative 27 pA (n 5 8 cells). Similar amplitudes of Ca21 current
membrane currents located in the axon terminal (see were observed also in perforated patch recordings
below). Interestingly, dogfish ON bipolar cells (Ashmore (Neves and Lagnado, 1999), indicating that the amount
and Falk, 1980) display light responses very similar to of ATP we internally perfused into the cells did not artifi-
those shown in Figure 5, suggesting that perhaps their cially augment the Ca21 current. Following repolariza-
distal and relatively small axon terminal (,5 mm in diam- tion, a tail current was seen, which could be partially
eter) Ca21 current does not dominate the light response. due to a Ca21-activated Cl2 current (Okada et al., 1995).
When a K1-based internal solution was used, small de-
polarizing pulses elicited inward currents, while strongerDependence of Spike Waveform on Internal
Ionic Conditions depolarizations activated large outward currents, which
counteracted the smaller inward flux (data not shown).The spike waveform was found to vary strongly ac-
cording to the intracellular ionic composition. In dark- Figure 6D illustrates the fast transient inward current
activated after the onset of the depolarizing step (fromadapted conditions, and in KGluconate-dialyzed cells
with a low-Cl2 internal solution, which most closely re- Vh 5 260 mV to 230 mV), which decayed to a smaller,
sustained inward current. Both the fast transient andsembles physiological conditions (estimated to be 10
mM; Grant and Dowling, 1996), spontaneous spike am- the sustained components were augmented by BayK
8644, indicating that they were partially mediated byplitude was 14.9 6 1.9 mV, and mean spike width at
half-amplitude was 49.7 6 5 ms (n 5 7 cells). The calcium the activation of L-type Ca21 channels. In those cells
dialyzed with a KGluconate-based internal solution, thechannel agonist BayK 8644 was found to enhance not
only the spike amplitude (19.7 6 3.8 mV) but also the peak Ca21 current amplitude was 2102 6 9.5 pA (i.e.,
peak amplitude of initial inward current at 210 mV, n 5width at half-amplitude (72 6 4.4 ms, n 5 14 cells, both
light- and dark-adapted). In those cells recorded using 14 cells).
Previously, work with dissociated Mb cells has identi-a KCl-based intracellular solution, both spontaneous
spike amplitude and width at half-amplitude were larger fied the primary site of Ca21 influx as the axon terminal
(Heidelberger and Matthews, 1992; Tachibana et al.,(21.7 6 5.2 mV and 81.3 6 9.4 ms, respectively, n 5 3
cells), indicating that Cl2 conductances helped shape the 1993). The next set of experiments thus set out to investi-
gate in retinal slices whether the light-evoked spikesspike waveform. Figure 6A shows examples, under the
aforementioned conditions, of spikes normalized to acted as classical orthograde action potentials con-
veying information from the somatodendritic compart-the peak in order to compare the spike width.
When K1 conductances were blocked by using Cs1 ment to the synaptic terminal, or whether they were a
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Figure 6. Spikes Under Different Intracellular Conditions and Excitability
(A) Superimposed spikes from light-adapted Mb1 cells normalized to their peak amplitude revealed that the spike width at half-amplitude
varied according to the intracellular composition. The repolarizing phase was slower in the presence of 10 mM BayK 8644, and even slower
with Cl2 (instead of gluconate) in the internal pipette solution.
(B) Membrane potential fluctuations of an Mb1 cell in light-adapted conditions recorded using Cs1 in the pipette solution. Spikes appeared
at a lower frequency and exhibited larger amplitude than those recorded using K1-based internal solutions.
(C) Nonlinear membrane properties, as revealed by current pulses. Membrane potential was held close to 260 mV by injecting negative
current. Voltage responses to increasing steps of current revealed the nonlinear behavior of Mb1 cells. Current pulses driving the membrane
potential to values more positive than 240 mV induced changes in membrane potential that deviated from a resistance±capacitance circuit
response.
(D) Whole-cell voltage-clamp recordings obtained from an Mb1 cell recorded with a KGluconate-based internal solution. Inward currents were
observed between 240 and 210 mV, while at more positive test potentials, the outward K1 current overcame the smaller Ca21 influx. A
depolarizing pulse (20 ms) from Vh 5 260 mV to 230 mV elicited an inward current consisting of an early peak and a smaller, long-lasting
inward component. Addition of BayK 8644 (10 mM) enhanced both the fast peak and the sustained inward current and substantially increased
the tail current.
phenomenon triggered at the axon terminal. To deter- Ca21 Spikes Appear Restricted to the Mb1 Class
of Bipolar Cellsmine the locus of Ca21 influx, we performed simultane-
Spontaneous spike-like activity was not observed inous voltage-clamp and Ca-imaging experiments.
non-Mb1-type bipolar cells (n 5 10 cells) either in light-Changes in [Ca21]i were monitored using the high-affinity
adapted or in dark-adapted conditions. Figure 8A showsCa21 sensitive dye OG-1. Figures 7A and 7B show pseu-
a photomontage of a bipolar cell with its soma in thedocolor images of the depolarization-induced fluores-
INL. This cell possessed a short axon and a small termi-cence change observed in an Mb1 cell loaded with OG-1
nal and could be classified as an Ma- or C1-type bipolar(100 mM) via the patch pipette (same cell as in Figure
cell (Sherry and Yazulla, 1993). Recordings from this1). Following a depolarizing voltage step of 250 ms to
cell in current-clamp mode with a KGluconate-based0 mV (from Vh 5 270 mV), a long-lasting, localized rise
internal solution did not show any spike-like activityin [Ca21]i, which was restricted to the axon terminal,
(Figure 8B), although, in voltage-clamp recordings it didwas observed. Increases in the terminal's [Ca21]i were
exhibit large Ca21 currents, as judged by the inwardproportional to pulse duration (Figure 7C), but the per-
transients (Figure 8C). Moreover, using Ca21-imagingcent change in fluorescence saturated for pulse duration
techniques, changes in [Ca21]i were found to be localizedlonger than 250 ms (data not shown). In Figure 7, the
to the synaptic bouton, without detectable changes inpatch pipette contained 1 mM EGTA, which slowed the
soma or axon (data not shown). None of those non-Mb1
decay of the [Ca21]i transient, compared with 0.1 mM bipolar cells in which we studied light responses (n 5
EGTA (data not shown). These results were observed 5) ever displayed spike-like responses (data not shown).
both in CsGluconate- (n 5 4 cells) and KGluconate- In 2 of these 5 dark-adapted non-Mb1 bipolar cells,
dialyzed cells (n 5 4 cells) in light-adapted retina. Unfor- BayK 8644 (10 mM) also failed to elicit Ca21 spikes.
tunately, our imaging setup was not equipped for dark-
adapted experiments, and we thus did not observe Na21 Spikes and Membrane Oscillations
spikes by Ca21-imaging methods. However, these re- in Amacrine Cells
sults using retinal slices confirm that the major site of Spontaneous spiking activity in goldfish retinal slices
Ca21 influx is restricted to the axon terminal (see also was not, however, restricted to bipolar cells. Recordings
Protti and Llano, 1998), indicating that the Ca21 influx from amacrine (n 5 4) and ganglion (n 5 2) cells revealed
that triggers the spikes is exclusively localized to the Na1-based action potentials. Figure 8D shows a photo-




Light-Evoked Ca21 Action Potentials
Contrary to the general assumption that all bipolar cells
are nonspiking, we have shown that a major class of
bipolar cell in retinal slices is capable of generating Ca21
action potentials, and, more importantly, that it does so
in response to light, the natural stimulus. We emphasize
also that spikes were observed under a variety of intra-
cellular solutions (e.g., 0.1 or 1.0 mM EGTA and different
ionic conditions), suggesting that they were not induced
by whole-cell dialysis. Our results thus confirm and ex-
tend the recent findings of Zenisek and Matthews (1998),
who observed spontaneous Ca21 action potentials in
isolated Mb cells, both in the perforated and whole-cell
mode, again indicating that spike occurrence did not
depend on the recording mode. We did not, however,
observe the long and spontaneous membrane potential
flip-flops observed by Burrone and Lagnado (1997), al-
though we did observe small membrane potential fluctu-
ations (Figure 2) similar to those they report. However,
the Ca21 spikes reported here differed in several striking
ways from the oscillations described by Burrone and
Lagnado (1997) and from the Ca21 action potentials de-
scribed by Zenisek and Matthews (1998). They were
smaller in amplitude, were much narrower, had a stereo-
typed waveform, and did not present high-frequency
oscillations at their peak. These differences may arise
from the removal of the retinal circuitry and/or from the
enzymatic treatment used to obtain dissociated cells.
Indeed, it has been reported that papain affects K1
channels in mouse bipolar cells (Klumpp et al., 1995)Figure 7. Fluorescence Intensity Changes in Response to Depolar-
and in hair cells, where it induces the appearance ofization in an Mb1 Cell
artificial, resonating responses (Armstrong and Roberts,(A and B) Pseudocolor images of the Ca21-dependent fluorescence
obtained from an Mb1 bipolar cell loaded with OG-1 (100 mM). Im- 1998). Nevertheless, the spikes reported here were simi-
ages in the left panels correspond to the basal fluorescence before lar to those observed in isolated cells in that they were
a depolarizing step to 0 mV for 250 ms, while the right panels display driven by Ca21 entry at the synaptic terminal, K1 conduc-
the images obtained 270 ms after the beginning of the pulse, corre-
tances were involved in the repolarization phase, andsponding to the peak change in fluorescence. (A) and (B) are photo-
spikes were suppressed by APB in slices and by gluta-montages of two sequences for which the focal plane was optimized
mate in isolated Mb cells (Zenisek and Matthews, 1998).for the soma (upper quadrants) and for the synaptic bouton (lower
quadrants). (Camera exposure time: 50 ms; cycle time for image
acquisition: 54 ms; blue to red indicate lowest to highest fluores-
cence.) Responses from Light- and Dark-Adapted Retina
(C) Time course of depolarization-induced changes in fluorescence.
Spikes were observed in dark-adapted as well as inDepolarizing steps of variable duration (50, 100, and 250 ms; onset
light-adapted conditions. The relatively rare occurrenceat the arrow) induced a significant DF/Fo increase in the terminal
of spontaneous spikes under light-adapted conditions(open circles) without detectable changes in the axon (open trian-
gles) or the soma (open upside-down triangles). (only 2 of 13 cells) may arise from the partial activation
of the Ca21 current due to a more depolarized resting
potential at higher light intensities, the presence ofthe INL. This cell possessed long processes that rami-
stronger gap±junction coupling (see below), or to thefied into the IPL. In voltage-clamp conditions, a fast
presence of GABA at the axon terminal due to tonicallyinward Na1 current was observed (data not shown). In
active amacrine cells. Ca21-dependent light adaptationcurrent clamp, the membrane potential exhibited oscilla-
mechanisms (Shiells and Falk, 1999), which probablytions (Robinson and Chalupa, 1997) and irregularly ap-
prevent large tonic increases in resting potential, maypearing spontaneous spikes at the peak of some of
also partially explain the lack of spontaneous spikesthese oscillations (Figure 8E). The half-width of the
in most light-adapted Mb1 cells. However, when Ca21spikes was characteristic of Na1 action potentials. An
current density was increased, by using BayK 8644,average of 20 such action potentials is shown in Figure
spiking activity appeared at a remarkably constant fre-8F. Future studies of these amacrine and bipolar cell
quency in several previously silent Mb1 cells. This prob-(e.g., Figure 2) membrane oscillations may determine
ably reflects the switching on of intrinsic membranewhether they play a role in modulating the correlated
conductances responsible for the spike generationfiring of ganglion cells (Wong et al., 1998; Feller, 1999)
rather than an effect on the synaptic transfer from photo-and whether immature photoreceptors and bipolar cells
exhibit spontaneous Ca21 spiking. receptors to Mb1 cells because, at the photoreceptor
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Figure 8. Current-Clamp Recordings from Other Retinal Neurons
(A) Photomontage of a non-Mb1 bipolar cell with its soma in the INL.
(B and C) This cell did not display any spike-like activity (B), although it did exhibit a large calcium current (C). Steady-state current injection:
280 pA.
(D±F) Photomontage (from two different focal planes) of a diffuse amacrine cell with soma in the INL (D). Under current-clamp, spontaneous
oscillations occurred in the membrane potential of this cell (E). Na1 action potentials appeared at irregular intervals. An average of 20 action
potentials is shown in (F). Steady-state current injection: 264 pA.
level, BayK 8644 also increases Ca21 current and conse- induced by the microelectrode impalement, when com-
pared with those values obtained with whole-cell patchquently enhances glutamate release. This would subse-
quently lead to the opposite of the aforementioned ef- pipettes (Marty and Neher, 1983), may explain, in part,
why the responses reported here have not been ob-fect, namely, a hyperpolarization of the Mb1 cells.
Using conventional sharp electrode recordings and served previously. Indeed, input resistance measured
with sharp microelectrodes in dark-adapted carp (Kuji-Lucifer yellow staining, Saito and Kujiraoka (1982) have
previously reported that Mb1 ON bipolars from dark- raoka et al., 1988) and goldfish (Nawy and Copenhagen,
1990) ON bipolar cells in intact retina was reported toadapted carp (a teleost closely related to goldfish) dis-
play a transient light response, while other non-Mb1 ON be 8±40 MV and 64 MV, respectively, whereas we have
found values of input resistance around 440 MV withbipolar cells had a more graded and sustained depolar-
izing light response. The origin of these differences in whole-cell patch pipettes. This high input resistance
may be critical for converting the small depolarizationslight responses may lie in a differential regulation by
Ca21 of cGMP channels in morphologically distinct ON generated at dendrites and propagated passively down
the axon into spikes at the synaptic terminal. However,bipolar cells (de la Villa et al., 1995; Shiells and Falk,
1999) and/or in a different complement and distribution this difference in recording technique does not explain
why we have observed an AHP instead of the slowlyof ion channels among ON bipolar cells (e.g., voltage-
gated K1 channels; Yazulla and Studholme, 1998). Inter- decaying plateau depolarization.
estingly, the responses reported by Saito and Kujiraoka
(1982) had an abrupt threshold after a certain light inten-
sity, a peak amplitude of 22 mV, and a fast rising phase Input Resistance Depends on Light Adaptation
We have found that the input resistance of dark-adapted(rise time from baseline to peak of z50 ms; see their
Figure 3A). Similarly, the Ca21 spike we report here had cells is almost double that of light-adapted cells (see
also Tian and Slaughter, 1995). Mb1 bipolar cells havea rise time of z40 ms and a peak amplitude of 19 mV
(dark-adapted cells). Their response latency was also been reported to be coupled to each other via gap±
junctions (Saito and Kujiraoka, 1988; Cuenca et al.,found to decrease concomitant with the use of higher
intensities (Ashmore and Falk, 1980; Figure 3A). The 1993). We thus speculate that this difference may be
due in part to the modulation of gap±junction openingdecay phase of the light responses in carp Mb1 cells,
however, differed from those in goldfish Mb1 cells in by ambient light levels (Dowling, 1986), as well as to
differences in tonic synaptic input to bipolar cells inthat the transient depolarization was followed by a lower
level plateau depolarization, which slowly decayed back light- and dark-adapted conditions. This larger input
resistance of dark-adapted cells may have an importantto baseline at a rate that depended on stimulus intensity.
In the goldfish Mb1 cells, we observed instead a surpris- physiological role since it means that a smaller amount
of synaptic current will be necessary to trigger a spikeingly pronounced AHP following repolarization. The
Neuron
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with a light-adapted cell, thus increasing its sensitivity light-adapted conditions under BayK 8644. Ca21, K1,
to dim illumination. and Cl2 currents thus together sculpt the shape of the
In dissociated goldfish bipolar cells, input resistance action potential waveform.
recorded by whole-cell patch-clamp recordings is in the
range of 1±3 GV (Kaneko and Tachibana, 1985). Such How General Is Bipolar Cell Spiking?
large input resistance, compared with the values we Although the basic circuitry of all vertebrate retinae is
obtained, may facilitate the occurrence of spikes in iso- well preserved, there are important differences between
lated cells, making it especially important that their oc- cold-blooded vertebrates and mammals that reflect
currence be shown also in slices (see Tessier-Lavigne special adaptations probably tailored to optimize differ-
et al., 1988). Goldfish Mb1 cells have been modeled with ent performance requirements. Since an exhaustive
a two-compartment equivalent circuit (Mennerick et al., study of the light responses of different classes of mam-
1997). These authors have shown that the biophysical malian bipolar cells has not yet been done, it is not
properties of Mb1 cells confer an electrotonically com- known whether a particular class of these cells can spike
pact structure to these cells. This means that although or not. However, acutely isolated rat bipolar cells have
Ca21 spikes are triggered at the synaptic terminal, this been found recently to spike spontaneously (Z.-H. Pan,
change in membrane potential is reliably reported with 1998, Soc. Neurosci., abstract), and rat rod bipolar cell
little attenuation by a recording pipette at the soma. light responses have considerably slower onset in cells
without functional terminals (T. Euler and R. H. Masland,
What Conductances Shape the Spike Waveform? 1998, Soc. Neurosci., abstract), indicating that active
The blocking effect of nifedipine and the enhanced peak conductances in the synaptic terminal contribute signifi-
spike amplitude with BayK 8644 point to a crucial role cantly to shaping the light response. Furthermore, gen-
for the L-type currents in triggering the spike (Burrone eral principles concerning efficient information pro-
and Lagnado, 1997; Zenisek and Matthews, 1998). K1 cessing in neural circuits make it advantageous for
conductances (both Ca21 and voltage-dependent; Bur- signal transfer to be divided into different parallel chan-
rone and Lagnado, 1997; Sakaba et al., 1997b; Fan and nels, each transmitting different temporal bandwidths,
Yazulla, 1999) participate in the repolarization, since conveyed perhaps by morphologically distinct bipolar
when K1 channels were blocked, spike width was cells (Sterling, 1998) with heterogeneous sensitivities
greatly broadened (Figure 6B). It has been estimated to light intensity (Yang and Wu, 1997). It may thus be
that a single Mb1 terminal has about 5000 Ca21 channels advantageous for all vertebrate retinae to selectively
(von Gersdorff et al., 1998) and 400 Ca21-dependent K1 channel fast and slow visual signals to distinct bipolar
channels (fast-activating BK type; Sakaba et al., 1997b) cell types that are intrinsically best suited to transmit
that are colocalized, presumably near synaptic ribbons. them, due to their morphology and complement of ion
The longer spike duration under symmetrical Cl2 sug- channels. The large variety of morphologically and func-
gests that a calcium-activated Cl2 current (ICl[Ca]) is also tionally distinct bipolar cells may thus spring from a
involved in the repolarization phase of the Ca21 spikes, general necessity for efficient signal encoding. The pio-
as in cone photoreceptors (Maricq and Korenbrot, 1988). neering studies of Saito and Kujiraoka (1982) exemplify
Indeed, an ICl(Ca) localized to the axon terminal has been this idea for the goldfish retina, and it would not be
described in isolated goldfish Mb1 cells (Okada et al., surprising if future work reveals similar organizational
1995). The slow depolarizing phase of the action poten- principles in mammalian retinae. Nevertheless, we em-
tial following the AHP, which ultimately leads to spike phasize that it still remains to be demonstrated that
threshold in BayK 8644, may be due to an Ih current bipolar cell Ca21 spikes occur in vivo, and in other spe-
(Kaneko and Tachibana, 1985). This Ih current may thus cies, before one can assume that they are a general
set, in part, the oscillation frequency of the cell by bring-
phenomenon of vertebrate retinae. In vivo studies maying it to threshold as occurs, for example, in thalamic
also be necessary since the slicing procedure may haverelay neurons (McCormick and Pape, 1990). Other fac-
killed or damaged some of the amacrine cells that sendtors that may influence the shape and duration of the
inhibitory input to bipolar cells, although there is evi-AHP are the decay rate of the [Ca21]i transient in the
dence that this input remains functional in slices (Dongterminal and, perhaps, the rate of removal of GABA re-
and Werblin, 1998; Protti and Llano, 1998; Hartveit,leased by reciprocal synapses onto the bipolar cell ter-
1999). Another caveat is that bipolar cells at their normalminal.
resting potential (z242 mV) or under dim backgroundHence, the sequence of events in Mb1 cells after a
illumination might have a higher resting [Ca21]i, whichlight flash may be the following. First, there is a dendritic
may reduce the role of spikes in light responses. Atdepolarization due to an increase in the cGMP-gated
the very least, however, our results suggest that activeconductance, which then propagates passively down
currents in the axon terminal of some bipolar cells maythe thick axon to activate the terminal's voltage-gated
contribute significantly to the shaping of their light re-Ca21 current, thereby giving rise to the upstroke phase of
sponse.the spike. Next, activation of K1 and ICl(Ca) conductances
repolarizes the membrane potential, producing an un-
Implications for Retinal Processingdershoot that drives the potential close to the K1 and
Do Mb1 cells convey information exclusively via spikes?Cl2 equilibrium potential. This would then be followed
Probably not. As we have shown, spikes were observedby the deactivation of the K1 and Cl2 conductances
upon light stimulation in dark-adapted conditions, whereasand, perhaps, by the activation of Ih, which subsequently
in light-conditions, the most common observation waswould depolarize the membrane back to resting poten-
tial in dark-adapted conditions and to another spike in small amplitude oscillations. Similarly, Ashmore and
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Falk (1980) observed nonlinearities in dark-adapted re- well suited within the retina to transmit dim and rapidly
changing visual input.sponses and fixed amplitude potentials for high flash
intensities, while responses to steps of light had an
increase in membrane ªnoise.º This dual behavior might Experimental Procedures
be due to distinct network arrays under different physio-
logical conditions. For example, as suggested by Zeni- Slice Preparation and Recordings
Vertical slices were prepared from goldfish (Carassius auratus) thatsek and Matthews (1998), GABA released from amacrine
were 10±15 cm in length. The fish were dark adapted for 1 hr andcells under steady illumination could turn Mb1 cells from
then quickly decapitated. The eyes were rapidly enucleated andspiking to nonspiking mode, due to its inhibitory action
transferred to an ice-cold saline consisting of (in mM): NaCl, 120;on Ca21 currents (Tachibana and Kaneko, 1987; Mat- KCl, 2.6; MgCl2, 1; CaCl2, 2.5; HEPES, 12; and glucose, 12 (pH 7.6±
thews et al., 1994). Application of BayK 8644 may then 7.8; Osm, 275). The retina, devoid of pigment epithelial cells, was
override this tonic inhibitory action of GABA and thus cut into 2 3 4 mm sections, one of which was embedded in 2% agar
dissolved in saline. A small block of agar containing the embeddedproduce the spiking we observed. Membrane capaci-
retinal piece was then transferred to a microslicer, with which 200tance studies performed in Mb1 axon terminals indicate
mm thick slices were cut. All recordings were done at room tempera-that exocytosis has two saturable components, a very
ture (208C±238C). Slices were visualized using an upright microscopefast, small component and a slower and larger compo- (Axioskop; Carl Zeiss, Oberkochen, Germany) equipped with infra-
nent (Mennerick and Matthews, 1996; Sakaba et al., red differential interference contrast optics. The chamber was per-
1997a; von Gersdorff et al., 1998; Neves and Lagnado, fused at a rate of 1.0±1.5 ml/min with saline. Using borosilicate glass
pipettes with tip resistance of between 7.5 and 12 MV, whole-cell1999). In addition, a continuous component occurs dur-
recordings were performed with an EPC-9 amplifier (Heka, Lam-ing prolonged stimulation (Neves and Lagnado, 1999).
brecht, Germany) in the fast current-clamp mode, as well as inThis is consistent with previous evidence for continuous
voltage-clamp mode. The Ca21 spike waveform was not altered in(Belgum et al., 1982; Cohen, 1998) and transient release shape or amplitude when recordings were occasionally performed
from bipolar cells (Dixon and Copenhagen, 1992; Niren- in the slow current-clamp mode, most likely due to their slow kinet-
berg and Meister, 1997 [see their Figure 9]). It is possible, ics. Na1-based action potentials, however, were reduced to half of
their amplitude in the slow mode. Membrane potential was correctedthen, that signaling via spikes might well involve those
for junction potential, series resistance was nominally compensatedvesicles released in a phasic manner, while the high-
by 50%±60%, and leak and capacitive currents were subtractedfrequency oscillations observed under constant illumi-
(p/6 protocol). Most experiments were performed with a KGluconatenation (Figure 2C) could induce a more continuous com- internal solution (in mM): KGluconate, 106; KCl, 10; HEPES, 30;
ponent of exocytosis. Indeed, a recent study of vesicle MgCl2, 4.6; EGTA, 0.1/1.0; Na-GTP, 0.5; and Na-ATP, 4 (pH 7.2 with
cycling in bipolar cell terminals using FM dyes has KOH). For perforated patch recordings, the pipette solution con-
sisted of (in mM): KGluconate, 115; KCl, 10; MgCl2, 4.6; and HEPES,shown that Mb1 cells are capable of both phasic and
30 (pH 7.4) and was prepared by diluting 2.5 ml of gramicidin stockcontinuous modes of exocytosis (Rouze and Schwartz,
solution in 1 ml of this solution. The gramicidin stock solution was1998).
prepared by adding 5 mg in 1 ml dimethyl sulfoxide. Light responsesWe also note that the stereotyped Mb1 cell response washed out in ,1 min in whole-cell recordings if the internal solution
to different light intensities does not imply that there had no ATP and GTP (n 5 2 cells). Some cells were identified with
is no stimuli discrimination, since the average latency Lucifer yellow (0.5 mg/ml) or Ca21-sensitive dyes loaded through
the patch pipette. Ca21 spikes were observed in a total of 27 Mbdepended on light intensity (Figure 3A), although individ-
cells under different conditions (light- and dark-adapted, with andual responses had some jitter in their timing (Figure 4A).
without BayK 8644; 22 cells with 0.1 mM EGTA and 5 cells with 1.0Additional information might thus be encoded in the
mM EGTA). As specified in particular cases, Cs1 replaced K1 astime lag between the stimulus and spike generation. the main cation, and either Cl2 or gluconate was the main anion.
However, for this to hold true, a system parallel to the Imaging experiments were performed as in Protti and Llano (1998).
Mb1 cells signaling light stimuli under the same condi- Cells were loaded with either of the Ca21-sensitive dyes (Molecular
Probes, Eugene, OR): Oregon Green BAPTA 488 5-N (OG-5N, 200tions is a prerequisite, as well as further integration of
mM, Kd 5 20 mM) or Oregon Green BAPTA 488 1 (OG-1, 100 mM,both signals to measure and compare latencies. Differ-
Kd 5 200 nM) via the patch pipette. APB and nifedipine were from RBIences in latency could be due to both the integrating
(Natick, MA). All other chemicals were from Sigma (St. Louis, MO).properties of the photoreceptors and to their faster re-
sponse with increasing light intensities (Baylor and Hodg-
Light Stimulationkin, 1973), as well as to a larger number of photorecep-
To study light responses, fish were dark adapted for 20 min. Thetors sending their outputs to 1 bipolar cell at higher light
dissection, the isolation of the retina (containing some pigment epi-
intensities. Finally, we note that the Mb1 bipolar cell thelial cells), and the slicing procedure were all performed under
spiking frequency and responsiveness to light were lim- infrared illumination (.900 nm). White light was uniformly delivered
from a computer monitor (Macintosh IIci), via the microscope con-ited by a long refractory period (Figure 3D). This refrac-
denser, to the tissue. For 1000 IU, the luminance measured on thetory period may arise in part from a recently reported
screen was 69 cd/m2, corresponding to 0.65 cd/m2 on the stage.Ca21-dependent desensitization of ON bipolar cell light
Note that luminance was linearly related to IU, i.e., 100 IU on the
responses (Shiells and Falk, 1999), since it was observed screen was equivalent to 6.9 cd/m2. The light intensities we used
also in Mb cell somas with no attached terminals (Figure correspond to the lower range of twilight or mesopic vision for the
5). This may set intrinsic cellular limits on the ability human eye (1023 to 10 cd/m2, according to Wysecki and Styles,
1982), in which both rods and cones are active. The light-adaptedof the dark-adapted retina to transmit flickering light
conditions corresponded to room ambient light (40±45 cd/m2), inflashes. In summary, our results suggest that certain
which rods are bleached and the retina looks transparent, havingtypes of bipolar cells depolarize in a transient fashion to
lost its reddish tinge, typical of dark-adapted goldfish retina. A cus-
light and actively transmit light-evoked signals. In con- tom written software package, kindly provided by Dr. M. Meister
junction with their high sensitivity to light and ability to and modified by Dr. W. R. Taylor, was used for generating stimulation
protocols.rapidly release transmitter, these cells appear uniquely
Neuron
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Spike Detection and Analysis Fain, G.L., Gerschenfeld, H.M., and Quandt, F. (1980). Calcium
spikes in toad rods. J. Physiol. 303, 495±513.Light-evoked spikes were detected by setting a threshold in a 100
ms time window. Depending on the strength of the responses in Fan, S.-F., and Yazulla, S. (1999). Suppression of voltage-dependent
each individual experiment and on the stimulation intensity, the K1 currents in retinal bipolar cells by ascorbate. Vis. Neurosci. 16,
window was placed between 40 and 180 ms following the stimulus. 141±148.
Data were analyzed with Igor Pro software (WaveMetrics, Lake Os- Feller, M.B. (1999). Spontaneous correlated activity in developing
wego, OR) using homemade routines developed by Dr. Christophe neural circuits. Neuron 22, 653±656.
Pouzat. Basically, individual traces were aligned at the peak ampli-
Grant, G.B., and Dowling, J.E. (1996). ON bipolar cell responses intude and averaged. Latencies were measured from the beginning
the teleost retina are generated by two distinct mechanisms. J.of each stimulus to the peak response. Visual inspection of the
Neurophysiol. 76, 3842±3849.individual traces was performed to confirm the occurrence of fail-
Hartveit, E. (1999). Reciprocal synaptic interactions between rodures. In continuous recordings, spikes were detected by setting a
bipolar cells and amacrine cells in the rat retina. J. Neurophysiol.threshold and were subsequently aligned to their peak for averaging
81, 2923±2936.and further analysis. Frequency was estimated from interspike inter-
Heidelberger, R., and Matthews, G. (1992). Calcium influx and cal-vals, measured as the time between peaks. All average values are
cium current in single synaptic terminals of goldfish retinal bipolargiven as mean 6 standard error, unless otherwise indicated.
neurons. J. Physiol. 447, 235±256.
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